The paramagnetic 1:1 coordination complexes of (C 5 Me 5 ) 2 Yb with a series of 4,4'-disubstituted bipyridines, bipy-X, where X is Me, tert-Bu, OMe, Ph, CO 2 Me, and CO 2 Et have been prepared. All 
Introduction
The preparation and the molecular and electronic structure of the coordination complexes of cyclopentadienyl ring substituted ytterbocenes with bipyridine of the type Cp' 2 Yb(bipy) where Cp' is C 5 H 5 , 1,3-R 2 C 5 H 3 (R= Me 3 C, Me 3 Si), 1,2,4-R 3 C 5 H 2 (R= Me 3 C, Me 3 Si), C 5 Me 4 H or C 5 Me 5 (Cp*) have been described. 1, 2 Magnetic susceptibility measurements, as a function of temperature, of these simple coordination complexes and therefore their electronic structure are not simple to understand. The ytterbocene complexes are paramagnetic, which is unexpected since their stoichiometry implies they are based upon Yb(II) with a closed shell 4f 14 electron configuration.
Their paramagnetic condition implies that their electronic structure is based upon Yb(III) with an open shell electron configuration of 4f 13 , which requires that the bipyridine ligand carries a negative charge and is therefore non-innocent. However, the values of μ eff as a function of temperature are much less than expected for the valence bond structure, [Cp'Yb(III, 4f 13 )][bipy 4f 14 ) ][bipy, S=0] or electron exchange coupling between the spin-carriers in the paramagnetic spin isomer. The equilibrium model is appealing since the relative population of the two valence bond structures will determine the value of μ eff that in turn depends on the temperature, resulting in a temperature dependence of μ eff . However, it has been shown recently for (C 5 Me 5 ) 2 Yb(bipy) that the Yb L III edge XANES signatures for the Yb(II) and Yb(III) species do not change over the temperature regime 10-400 K, which is inconsistent with an equilibrium model. 3 The electron exchange coupling model is difficult to accept since the conventional view is that electrons in forbitals are core electrons that do not participate to any extent in chemical bonding in molecular compounds and therefore and the bonds between lanthanide metals and their ligands are largely due to electrostatic forces described by Coulomb's law. The exchange coupling model defines the parameter J, which is the coupling constant or exchange integral in the Schroedinger Heisenberg
Van Vleck Hamiltonian, Ĥ = J 2 1 S S ρ ρ ⋅ , 3, 4 and the value of J must be large (> 500 cm -1 ) and negative (antiferromagnetic coupling) in order to account for the low values of μ eff observed. 1, 2 Qualitatively, the large value of the exchange interaction means that the unpaired electron in the forbital of the Cp* 2 Yb(III) fragment and the electron in the ligand LUMO of the bipy •− are strongly coupled, that is, they are participating in a bonding interaction. In the electrostatic bonding model, exchange interaction is introduced by polarization but these values are small, on the order of 10-25 cm -1 . 5 Thus the ytterbocene-bipy compounds provide fertile ground for exploring bond models that provide a deeper understanding of the electronic structure of f-block metal compounds in general, and the metallocenes in particular.
The original papers focused on a series of ytterbocene-bipy coordination compounds in which the substituents on the cyclopentadienyl ring changed the magnetic properties of the resulting complexes. 1, 2 In this paper the focus is on how the magnetic susceptibility changes when the cyclopentadienyl ring is kept constant, in this case C 5 Me 5 , and the substituents on the 4,4'-position 3 of bipyridine are changed. Therefore, the role of substituents in tuning the magnetic properties of the coordination compounds can be experimentally defined, a prerequisite for developing a bond model.
Results and Discussion
Synthesis. The most readily available substituted bipyridine derivatives are those substituted in the 4,4'-position (the position para to the nitrogen atom in the ring). The steric bulk of the substituents at these remote sites should have an insignificant influence on intramolecular steric effects but the electronic effects will change significantly. This is supported by the reduction potentials of the free ligand shown in Table 1 . These complexes are high melting solids, when they melt, but do not sublime when heated in diffusion pump vacuum; they decompose at temperatures about 250 °C. Solid State Magnetic Measurements: SQUID. Figure 1 shows the χ vs. T plot and Figure 2 shows the plot of μ eff vs. T for four of the substituted bipy-ytterbocene complexes, X= OMe, Ph, CO 2 Me and CO 2 Et, along with those of the unsubstituted parent, X= H. The plots for the parent complex are included for calibration purposes using the values published. 1, 2 The curves in Figure 1 and 2 define a family of curves in which χ passes through a minimum value then gradually increases through a maximum value as T increases; the χ max value is indicated by the arrowhead in Figure 1 . The values of χ and μ eff depend in a regular way on X, viz., at 400 K, OMe<H<CO 2 R (R= Me, Et)≤Ph. It is clear that the extent of the paramagnetic condition increases when X= H is replaced by an electron withdrawing group and decreases when X is an electron donating group,
i.e. with the difference in reduction potential of the bipyridines listed in Table 1 . This implies that the exchange coupling increases as the energy of the LUMO increases and, conversely, decreases as the LUMO energy decreases. This in turn implies that as the frontier orbital energy of the substituted bipyridine radical anion is closer in energy to that of the frontier orbital energy of the 7 ytterbocene fragment the exchange integral increases and the extent of the paramagnetic condition decreases. The low values for Cp* 2 Yb(bipy-OMe) are not due to random paramagnetic impurities in an otherwise diamagnetic compound. This supposition is shown by the data in Figure 3 , which shows the experimentally determined values of χ, corrected for a small amount of a J= 7/2 impurity, Yb(III), as outlined in ref.
2. Subtraction yields a χ corrected curve that is essentially independent of temperature, no longer has the "Curie tail", and yields χ values >0, i.e. a paramagnetic molecule. which is ascribed to a first-order crystallographic phase transition, as described in the next section.
The magnetization data of the only other alkyl-substituted bipyridine complex, Cp* 2 Yb(bipy-tBu), is also different from those shown in Figures 1 and 4 , and rather more complex ( Figure 6 ).
Initial cooling of the sample to 2 K followed by slow heating while collecting the χ-values shows that their values reach a maximum value at T(1)= 345 K, but between 355 and 365 K an abrupt, 50 %, drop occurs. On cooling the original curve is not retraced until the temperature reaches 25 K.
Heating slowly does not retrace the initial heating curve, T(2), but path T(3) is followed. The complicated behavior is reproducible and is consistent with the notion that the molecules in the ensemble undergo substantial reorganization and reconstruction and these changes effect χ. 
12
T (3) T (1) χ/cm X-ray Crystallography. An ORTEP diagram of Cp* 2 Yb(bipy-Me) is shown in Figure 7 .
Acquisition of the X-ray diffraction data presented several difficulties, since the crystals shatter when placed on a goniometer head that is precooled to 163 K in a stream of liquid nitrogen, the usual way data are collected. In this case, in order to get diffraction data, the crystal was mounted on a goniometer in a stream of liquid nitrogen cooled to about 225 K and data were collected at 228(2) K, i.e., above the "magnetic hysteresis temperature". The crystallographic data collected at 228(2) K are shown in Table 3 , along with that for Cp* 2 Yb(bipy-H), 1 and bond distances and angles are compared in Table 4 for Cp* 2 Yb(bipy-Me) and related ytterbocene bipy complexes. The averaged Yb-C distance in the bipy-Me complex is slightly longer than that in the bipy complex, 2.67 Å vs. 2.62 Å, as is the Yb-N distance of 2.396(2) Å and 2.319(6) Å, and the bipyring C(2)-C(2') distance of 1.464(4) Å and 1.435(9) Å, respectively. The torsion angles are slightly different with the two rings in the bipy-Me complex being closer to co-planarity. However, these parameters are on the edge of significance and the two molecular structures have nearly identical intramolecular bond distances and angles. After data collection was completed at 228(2) K the temperature of the liquid nitrogen cooled stream was slowly decreased, and the unit cell parameters were monitored. The unit cell volume decreased smoothly until 185(2) K (see Supporting Information for the experimental data), whereupon the diffraction pattern changed and the crystal disintegrated to an amorphous powder during the acquisition of the unit cell parameters. Various crystals exhibited identical behavior, although different crystal sizes and cooling rates were explored, resulting in the conclusion that the single crystals undergo a first order phase transition that irreversibly shatters the crystals in the low temperature regime that is close to the hysteresis temperature for the polycrystalline material in the magnetic susceptibility study, Figure 4 and 5.
A possible reason for the destructive behavior is traced to the crystal structure of Cp* 2 Yb(bipyMe) that crystallizes in the monoclinic crystal system in space group P2 1 /c, whereas Cp* 2 Yb(bipy-H) crystallizes in the orthorhombic crystal system in space group Pbca. 1 The Figure 8 
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The sudden change in the unit cell on cooling is likely to correlate with the hysteresis behavior since the temperature regime at which the crystals shatter and the magnetic hysteresis occurs is comparable. On heating, the molecules in the ensemble expand but this expansion does not destroy the long range order. Cooling reconstructs the original order but at a different temperature which is related to the lattice dynamics in a single crystal relative to that found in a polycrystalline sample.
Experiments designed to test this qualitative model are underway. are proportional to the magnetic susceptibility χ. 16, 17 The Fermi contact term is described by the eq. (3),
where a i is the isotropic hyperfine splitting constant. The pseudo-contact term, δ pc , for a non-axially symmetric molecule, depends on through space interactions of a given nucleus relative to the paramagnetic center as defined in eq. 4,
where D and D' are the magnetic susceptibility tensors and G and G' are the geometric factors, which are related to the distance from the paramagnetic center by r Table 5 these electrons in the spin carriers can mix, providing a pathway for antiferromagnetic exchange coupling. However, the magnetic susceptibility curves do not fit to a Boltzmann distribution of the two spin isomers with S=0 and S=1 as is the case for Cp 2 Ti(bipy), 23 thus the ytterbocene-bipyridine complexes cannot be described by a spin equilibrium model. The Yb L III edge XANES data of Cp* 2 Yb(bipy) unequivocally show that the ground state is not a single configuration ground state, e.g., it cannot be described by a single wave function, but it is a multiconfigurational or mixedvalent ground state. 3 Thus the mechanism of electron communication in these 1:1 complexes is not trivial to understand using the physical methods familiar to chemists. Further studies using the physical methods available to the physics community will be published when complete.
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Experimental Section
General Comments. All reactions and product manipulations have been carried out under a dry nitrogen atmosphere using standard Schlenk and glove-box techniques. Dry, oxygen-free solvents were employed throughout. NMR spectra were taken on Bruker AVQ-400 and AV-300 27 spectrometers. All chemical shifts are reported in δ units with reference to the residual protons of the deuterated solvents, which are internal standards, for proton chemical shifts. Melting points were measured on a Thomas-Hoover melting point apparatus in sealed capillaries and are uncorrected. The elemental analyses were performed by the analytical facilities at the University of California at Berkeley. Magnetic susceptibility data were obtained on a Quantum Design MPMS XL7 SQUID magnetometer as described previously. 
